The quantum mechanical properties of a series of oligo-para-phenylenes (2-11) were characterized using DFT B3LYP/6-311G(d,p) calculations. The global minimum among the various torsional conformers of an oligo-pphenylene is calculated to be a twist conformation. A less stable planar conformation, in which all the dihedral angles in oligo-p-phenylene are restricted to be planar, has also been calculated. The total electronic energies, normal vibrational modes, Gibbs free energies, and HOMOs and LUMOs of the two different conformations (twisted and planar) of the oligo-p-phenylenes were analyzed. The energy differences between the HOMOs and LUMOs of the substrates are in accord with the maximum absorption peaks of the experimental UV spectra of 2-6. The calculated normal vibrational modes of 2-6 were comparable with their experimental IR spectra.
Introduction
Organic -conjugated compounds have attracted much attention for potential applications in a wide range of optoelectronic devices, such as organic field-effect transistors (OFETs), 1 organic light-emitting diodes (OLEDs), 2 organic photovoltaic cells, 3 and organic solid-state lasers. 4 Among the variety of -conjugated compounds, phenylene-based polymers and oligomers are intensively studied due to their excellent chemical and thermal stability. Although initial investigations concentrated on polymeric materials, 5 their extremely low solubility with increasing chain length has often restricted their application. Accordingly, recent research has tended to take more interest in oligomeric -conjugated derivatives that are reasonably soluble in common organic solvents, and sublimable under low vacuum pressure conditions. 6 The facile purification of small oligomers makes such approaches more attractive. Moreover, easy analysis of the exact configuration and conformation of the oligomers allows for precise structure-property correlations to be deduced. A variety of phenylene oligomers with different dimensions and rigidity of the -backbones have been explored to construct structure-property relationships. 7 The electronic and optoelectronic properties of the -conjugated compounds greatly depends on their conjugation lengths. Although phenyl groups connected by a freely rotating bond in polyphenylenes and oligophenylenes may seem to prefer a planar arrangement that maximizes overlaps between adjacent  orbitals, steric hindrance caused by neighboring ortho-substituents twists the phenyls out of the plane. 8 Because of this, not all phenyl groups in phenylene compounds equally contribute to the conjugation length. This makes the effort to establish the correlation between structure and properties difficult.
The solid-state morphology of -conjugated compounds is one of the most important factors determining the efficiency and stability of electronic and optoelectronic devices. As efficient intermolecular interaction highly enhances the charge carrier mobility, compounds with an appropriate structure to encourage substantial intermolecular - overlap are often excellent charge-transporting components. 9 Conversely, such --stacking tends to form partial crystals that cause electric shortage, 10 and aggregates that cause nonradiative recombination.
11 Such processes represent a serious drawback in OLEDs and organic solid-state lasers. It has recently been reported that amorphous materials are often advantageous for OLED applications.
12 Therefore, it is important to understand the spatial conformations and orientations in order to be able to control their properties. The fluorescence and laser properties of D2, C2, and D3 symmetry series oligophenylenes have been reported. 13 Recently, the torsional potentials and a full-dimensional simulation of the electronic absorption and fluorescence spectra of paraphenylene oligomers have been calculated. 8(a,b) This paper reports the molecular structures of oligo-pphenylenes optimized by DFT B3LYP/6-311G(d,p). The total electronic energies, normal vibrational modes, Gibbs free energies, HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital) energies of the phenylene-based oligomers (2-11, Scheme 1) were calculated. Also, the calculated gaps between their HOMOs and LUMOs and the  max values from their experimental UV spectra are compared.
The two kinds (twisted and planar) of initial conformations of a series of oligo-p-phenylenes (2-11) were constructed using molecular mechanics (MM), molecular dynamics (MD), and semi-empirical (AM1) calculations in HyperChem. 14 The twisted structures were found to be the global minimum by rigorous conformational searches using a previously described simulated annealing method. 15 The twisted conformers of 2-11 obtained from the MM/MD and AM1 calculations were fully re-optimized using an DFT B3LYP/ 6-311G(d,p) method in Gaussian 09. 16(a) The less stable planar conformations from the restricted flat starting structure were constructed with non-rigorous optimization. The frontier orbitals (HOMO and LUMO) for the oligomers (2-11) are drawn by GaussView. 16(b) The B3LYP/6-311G(d,p) method was also used to calculate the normal mode frequencies of the final twisted structures. Each vibrational spectrum shows no negative frequencies, confirming that the optimized structures exist in energy minima. For direct comparison with experimental data, the calculated frequencies were scaled by the recommended scale factor. 17 Furthermore, broadened IR spectra are presented assuming a Lorentzian line width of 10 cm
1
.
Experimental Methods
The UV spectra of the oligo-para-phenylenes (2-6) were collected in a CHCl 3 solution with a JASCO V-670 spectrometer. The Fourier transform IR (FT-IR) spectra were recorded with a Nicolet 6700 FT-IR spectrometer using KBr pellets. Biphenyl and p-terphenyl were purchased commercially. p-Quarterphenyl was prepared by a literature procedure. 18 p-Quinquephenyl and p-sexiphenyl were prepared by the following procedures.
Procedure for the Preparation of p-Quinquephenyl. 2.0 M aqueous Na 2 CO 3 (5.0 mL) was added to a solution of 1,4-dibromobenzene (1.00 g, 4.24 mmol) and Pd(PPh 3 ) 4 (0.49 g, 0.42 mmol) in toluene (12.0 mL) under Ar atmosphere, followed by 4-biphenylboronic acid (1.85 g, 9.33 mmol) dissolved in ethanol (8.0 mL). The reaction mixture was heated at reflux for 7 h with vigorous stirring, and diluted with EtOAc (100 mL). The organic layer was washed with 1% aqueous HCl, water, and brine, and then dried over MgSO 4 , filtrated through a small pad of silica gel in a sintered glass filter, and concentrated in vacuo. The crude compound was washed by methanol to give a white solid in 75% yield: 
Results and Discussion
The molecular structures of a series of oligo-p-phenylenes (2-11) were optimized by B3LYP/6-311G(d,p). The total electronic energies, Gibbs free energies, normal vibrational frequencies and the HOMOs (highest occupied molecular orbital) and LUMOs (lowest unoccupied molecular orbital) of ten different oligo-p-phenylenes were analyzed. Table 1 reports the total electronic, HOMO and LUMO energies, and the gaps (excitation energies) between HOMO and LUMO energies of the twisted conformers of the oligop-phenylenes (2-11) calculated by B3LYP/6-311G(d,p). The global minimum among the various torsional conformers of an oligo-p-phenylene is calculated to be a twisted confor- . The visualization of the optimized structures was performed with PosMol. 22 The frontier orbitals (HOMO and LUMO) for the oligomers (2-11) are drawn by GaussView. 16(b) mation. However, we have also calculated the energies of a less stable planar conformation, in which all the starting dihedral angles in an oligo-p-phenylene are restricted to be planar. Table 2 reports the calculated data of the planar conformers of the oligo-p-phenylenes. Figure 1 displays the calculated structures of the twisted and planar conformations of oligo-p-phenylenes (2-6). The visualization of the optimized structures was performed with PosMol. 21 Table 3 reports the comparison of (LUMO-HOMO) energies of the twisted and planar conformations of oligo-pphenylenes calculated by DFT B3LYP/6-311G(d,p). Graph 1 displays how the calculated LUMO-HOMO differences decrease with the number of phenyl rings in the series of twisted and planar oligomers (2-11). Phenyl groups connected by a freely rotating bond in oligophenylenes may seem to prefer a planar arrangement maximizing overlaps between adjacent p orbitals. However, steric hindrance twists the phenyls out of the planar conformation. The less stable planar conformer has smaller LUMO-HOMO differences than the twisted analogues due to the more effective -electron delocalization. While the LUMO-HOMO difference exponentially decreases with increasing number of phenyl rings, it remains almost steady after octiphenyl (8). This implies that the effective conjugation length and absorption wavelength may not change further after octiphenyl. The conjugation length can be clearly analyzed by the DFT calculated frontier orbitals (HOMO and LUMO) of 2-11, which are drawn in Figure 1 . Additional delocalization of -orbitals after octiphenyl is no longer observed for the HOMOs and LUMOs for the oligomers (9-11), which explains the above effective conjugation length very well. Table 4 reports the dependence of the calculated (LUMO-HOMO) and experimental excitation energies (eV) on an inverse number of the phenyl rings of the twisted oligo-pphenylenes. Graph 2 shows the dependence of the calculated (LUMO-HOMO) (eV) on the inverse number of the phenyl rings of the oligo-p-phenylenes (2-6), which shows that the calculated gaps correlate well with the experimental obser- Error limit is about 0.001 eV.
b,c
Experimental excitation energies were already published. 19,20 d max (3) represents the maximum absorption wavelength, which is converted to eV (electron volt) unit. These values are obtained from our laboratory. vations. 19, 20 Table 5 reports the total electronic, Gibbs free energies, and torsional angles of oligo-p-phenylenes (2-6) calculated by B3LYP/6-311G(d,p). The relative energies between the twisted and planar conformations of the oligomers show that the longer planar oligomer gives higher instability by additional steric hindrances between the adjacent phenyl groups of the planar conformer. The torsional angles between adjacent phenyl rings are noted in Scheme 2.
The DFT B3LYP/6-311G(d,p) calculated average torsional angles between adjacent phenyl rings of the twisted oligo-pphenylenes (2-6) of gas phase in Table 5 While, the experimental torsional angles of the crystal structure of the twisted quarterphenyl (4) are about 18°. 29 Generally, in the solid phase, the oligophenyl structures planarize (dihedral angles starting from 2° to 18° [29] [30] [31] [32] [33] ). This fact is also reflected in smaller excitation energies in the absorption spectra obtained for films and crystals in comparison with solvent measurements. 34, 35 The calculated average C-C bond lengths between two phenyl rings in the oligophenylenes are 1.485 (twisted) and 1.489 Å (planar), which are similar to the experimental average C-C bond lengths (1.499 Å (4), 29 1.482 Å (5), 33 1.481 Å (6) 33 and 1.479 Å (7) 33 ) of crystal structure. These distances are much shorter than the typical C-C single bond length (1.54 Å) due to the -electron delocalization of the oligo-p-phenylenes. Table 6 compares the normal vibrational frequencies of the oligo-p-phenylenes (2-6) calculated by B3LYP/6-311G(d,p) with the intensities of prominent peaks in their experimental IR spectra. Figure 2 show the calculated IR spectra of 2-6. Most of the frequencies and intensities of the calculated normal modes in the lower frequencies are in accord with the experimental IR peaks. However, some intensities are not in accord, especially the C=C-C bending and C-C stretching normal vibrational modes.
The various peaks from 450 to 900 cm 1 were attributed to the numerous C-H out-of-plane wagging motions of the phenyl rings. The weak peaks around 1000 cm 1 were due to C=C-C bending vibrations. The peaks at about 1400 (weak intensity: antisymmetric CC stretching vibrations) and 1480 cm 1 (variable intensity: symmetric CC stretching vibrations)
were due to the different kinds of CC stretching vibrations in the aromatic rings. Particularly, the intensity of the peak at the 1480 cm 1 is becoming stronger as the number of phenyl rings increases, due to the synchronized wagging motions of additional C-H bonds caused by CC stretching vibrations.
The weak peaks at about 1600 cm 1 were due to the C-C stretching vibrations between phenyl rings. A series of peaks (3157-3192 cm
1
) were attributable to various C-H stretching vibrations.
Conclusions
The total electronic energies, normal vibrational modes, Gibbs free energies, dipole moments, HOMOs, and LUMOs of a series of oligo-p-phenylenes (2-11) were calculated using B3LYP/6-311G(d,p). The calculated gaps between the HOMOs and LUMOs are in excellent agreement with the maximum absorption peaks in experimental UV spectra. The less stable planar conformer has smaller LUMO-HOMO Scheme 2. The notation of torsional angles between adjacent phenyl rings of sexiphenyl (6). The calculated vibrational frequency is scaled by multiplication by 0.977, adjusted it for favorable to comparison with experimental observations of lower frequencies. differences than the twisted analogues due to more effective -electron delocalization. Most of the frequencies and intensities of the calculated normal modes of 2-6 favorably agree with the experimental IR peaks. Particularly, the intensity of the peak at the 1480 cm 1 is becoming stronger as the number of phenyl rings increases, due to the synchronized wagging motions of additional C-H bonds caused by CC stretching vibrations.
